The aim of this investigation was to characterize three samples of kaolin (DD1, DD2 and DD3) collected from Djebel Debbagh deposit (East of Algeria) to be used in electrical porcelain insulators. Grain-size analysis, X-ray fluorescence, X-ray diffraction, scanning electron microscopy and thermal analysis (TG-DTA) were performed. Each sample was mixed with feldspar and silica to obtain three porcelain formulations. The obtained results indicated that the three kaolins were composed by kaolinite and halloysite with variable contents of MnO and Fe 2 O 3 as associated impurities. It was found that the DD1 was the appropriate kaolin as raw material for making the high-voltage electrical insulator which had the highest electrical and mechanical properties (dielectric strength, bending strength and bulk density), while DD2 and DD3 were less suitable due to their lower properties caused by the presence of impurities which must be removed.
INTRODUCTION
Kaolin is a commercial term used to describe white clay composed essentially of kaolinite with a general formula: Al 4 Si 4 O 10 (OH) 8 . Kaolins are distinguished from other clays by whiteness, and fine controllable particle size [1] . Kaolin consists of one tetrahedral silica sheet and one octahedral alumina sheet; it is an important industrial raw material having widespread applications in industries such as the manufacture of papers, paints, rubbers, ceramics, cosmetics, plastic and medicines [2] [3] [4] . The choice of kaolin for industrial applications is dependent on several factors including specific requirements for developing a particular technology [5] . Mineralogically and chemically, kaolin contains quartz as the major impurity and iron (in form of Fe 2 O 3 ) and titania (in the form of anatase) as minor impurities [6] [7] [8] . The presence of impurities, particularly iron and titania bearing minerals, impacts color to kaolin (low brightness) and are detrimental in most kaolin applications.
Most of the recent studies conducted on Djebel Debbagh kaolin deposit has focused on the understanding of thermal behavior of different phases and the use of this kaolin as a raw material for the refractory industry [9] [10] [11] [12] [13] [14] [15] . Contrarily to this, studies on the utilization as a raw material that can be used in the electrical insulator industry are rare. The DD1 kaolin has the highest properties (whiteness, brightness, purity), but DD2 and DD3 kaolins have lower properties and cannot be used in whiteware production due to their colors (grey and blackish, respectively).
The objective of this study was to characterize three types of kaolin from Djebel Debbagh deposit (DD1, DD2 and DD3) in order to be used in electrical porcelain insulators as local raw material. The physical and chemical properties of kaolin are essential before considering it as a basic raw material in electrical insulators. To characterize these three kaolins, X-ray fluorescence, X-ray diffraction, scanning electron microscopy, differential thermal analysis and thermogravimetric analysis were carried out. For the insulator tests, dielectric strength, bending strength and bulk density were performed.
Characterization of Algerian kaolins for utilization as a raw material in electrical insulators

MATERIALS AND METHODS
Sample preparation: three samples of kaolin (DD1, DD2 and DD3) were collected from Djebel Debbagh deposit located in the East of Algeria for this investigation. To prepare the fine powders, each sample was milled with a milling machine (Retsch, RS 100) during 15 s and sieved to obtain three fractions less than 63 mm for the characterization.
Formulation of electrical insulators: an electrical insulator is a dielectric material that has poor conduction of electricity, but an efficient supporter of electrostatic fields. Clays such as ball clay and/or kaolin are used as an essential raw material for the porcelain insulator. The major function of these ceramic porcelain insulators is to provide insulation from electricity. The main constituents of electrical porcelain bodies are clays (as plastic materials), silica and alumina (as fillers) and feldspars which act as a flux material [16] . The dielectric constant (ε') and the dielectric loss (tanδ) are important electrical properties of the porcelain insulator [17] . The initial compositions and particle/grain-sizes of the three raw materials are reported in Table I . The base composition for making electrical porcelain insulators was prepared using (in weight) 50% of kaolin, 30% of feldspar and 20% of silica for each porcelain formulation (P1, P2 and P3). Feldspar and silica raw materials were provided from Société des Feldspaths d'Algérie, Spa, SOFELD and Société Algérienne des Granulats, Spa ALGRAN, respectively.
To dry and to make good sieving, all raw materials were introduced in an oven at 110 °C during 24 h. After that, the dried raw materials of kaolin, feldspar and silica were sieved to obtain the following grain-sizes: <150, <100 and <80 mm, respectively. After these operations, kaolin, feldspar and silica were mixed using an agate for a sufficient time to get homogenous compositions. As a binder, the polyvinyl alcohol (PVA) was added with the raw materials. To obtain 3 pellets with 20 mm of diameter and 3 mm of thickness, the formulations (P1, P2 and P3) were formed in a hydraulic press at 140 MPa. Afterward, the three pellets were heated using a rate of 5 °C/min up to 1250 °C and sintered during 2 h. Firing beyond this temperature results in progressive deterioration of the properties of the samples, causing deterioration of both bending and dielectric strengths. Firing above this sintering temperature also reduces the strength due to a reduction in quartz and an increase in glass phase [18] .
Testing methods of electrical insulators: three parallelepiped samples (200x20x10 mm) were prepared with the same formulated compositions cited in Table I . To perform the bending strength tests, Netzsch dynamometer (401/3) was used according to the ASTM C674-13 standard. The bending strength of samples was measured by threepoint flexure, where each sample was placed between two supports with a loading force applied at the middle. The formula used to calculate the bending strength, M (MPa), is as follows:
where P is the load at rupture (N), L distance between supports (mm), b width of the specimen (mm), and d thickness of specimen (mm). The dielectric strength tests were performed according to the ASTM D-149 standard with the short-time method. The pellets (20 mm of diameter and 3 mm of thickness) were placed between two electrodes and introduced in a container filled with oil; afterward, a high voltage was gradually applied on the pellets until the voltage dropped on the voltmeter (breakdown voltage). The bulk density was measured according to ASTM C-373 standard based on the measurement of the volumes. Eq. B was used to calculate the bulk density (g/cm 3 ) of the sintered pellets:
where Wd is dry weight, Dw density of water, Wsp suspended immersed weight, and Ws soaked weight. Grain-size analysis: in order to obtain fine powders for the grain-size analysis, the three samples were crushed with a crusher (Retsch, BB 100 Mangane) and milled with a ball mill (Ortoalresa). Each powder sample (~540 g) was sieved by 7 normalized sieves (DIN-ISO 3310/1) to obtain the fractions of (>1000, 1000-500, 500-250, 250-125, 125-75, 75-50, 50-25, and <25 μm) using a vibratory machine (Retsch, AS 200). The amplitude was 1.50 and the sieving time was 10 min for each sample. X-ray fluorescence analysis (XRF): the average chemical compositions of kaolin samples were analyzed using Thermo Niton XL3t XRF analyzer. Scanning electron microscopy (SEM): the three sample morphologies were observed by scanning electron microscopes equipped with EDX analyzer: Jeol, JSM 6610-LV, equipped with Inca Energy 350 microanalyzer, and Jeol, JSM-5600, equipped with an Oxford Inca Energy 200 microanalyzer. X-ray diffraction (XRD) analysis: XRD analysis was performed to identify different mineral phases present in the three samples. The used machine was a Philips system, X'Pert MPD, with 
RESULTS AND DISCUSSION
Grain-sizes analysis: the primary function of precision particle analysis is to obtain quantitative data about the size and size distribution of particles in the material [19, 20] . The grain-size results of the three samples (DD1, DD2 and DD3) are listed in Table II . The results revealed that the three samples of kaolin were closely similar; it can be concluded that they had the same grain-size distribution, which presented trimodal distributions constituted by three fractions: i) for DD1, the first fraction of 50 mm with about 10% in mass, the second fraction of average size of 180 mm with 60%, and the third fraction of 900 mm with about 90%; and ii) for DD2 and DD3 samples, they were more similar and had more coarse particles than DD1; the first fraction of 75 mm with about 10%, the second fraction of 250 mm with 60%, and the third fraction of 950 mm with 90%.
X-ray fluorescence (XRF) analysis: the method of elemental analysis of clays has continuously shown the class of aluminosilicates to which the analyzed material corresponds [21] . The obtained results of the chemical analysis are listed in Table III . The chemical elements such as Al and Si found in the EDX analyses of the two samples were in line with the results found in the chemical analyzes by XRF. The silica contents in the three samples were approximately similar (44.27%, 38.18% and 39.70%) and the alumina contents were 37.94%, 39.30% and 34,67% for DD1, DD2 and DD3, respectively. The SiO 2 /Al 2 O 3 ratio of the three samples was equal to 1.16, 0.97 and 1.14, which were very close to pure kaolinite. The contents of MgO, CaO, Na 2 O, K 2 O and P 2 O 5 were low in the samples. However, the low content of Fe 2 O 3 and the total absence of TiO 2 make the Djebel Debbagh kaolin very attractive raw material for several industries. The presence of MnO in DD2 and DD3 samples (0.18% and 0.48%, respectively) gave them gray and blackish color, decreasing their brightness and whiteness.
SEM-EDX analysis: scanning electron microscopy (SEM) of kaolin samples allowed the determination of their particle shapes and sizes, as well as the mineralogical components. SEM produces a two-dimensional (2-D) raster image by bombarding the surface of a sample with a beam of electrons and then detecting the various signals produced by the interaction between sample and electron beam [22, 23] . Energy dispersive X-ray spectroscopy (EDX) is commonly used to provide more specific data on the elemental composition of a specific point or within a certain area of a sample [24] . SEM-EDX results are shown in Figs. 1 to 3 . The SEM micrograph of DD1 (Fig. 1) showed that the sample was pure kaolin and mainly composed of alumina and silica. Na, Ba and Ca were present in very small amounts (EDX-3). MnO was not detected in this sample. EDX analysis of DD2 (Fig. 2) indicated the presence of a significant proportions of aluminum and silicon as components of microcrystalline quartz, which was rough and with angular shapes, in EDX-1 and microanalysis of the kaolin in EDX-2. The Fe, Mn and Ca were present in EDX-3 spectrum. The SEM micrograph of DD3 (Fig. 3a) revealed that the darkest component is predominantly kaolin with irregular shapes. The disperse most reflective compounds were Mn-oxide. Kaolin was analyzed in EDX-1 and the opaque was analyzed in EDX-2. The Mn-oxide had minor quantities of Co and Ni. The detailed EDX of the Mn-oxide component (Fig. 3b) showed that it is very closely linked to kaolin. All the measured analyses by SEM-EDX for the two samples of kaolin (DD2 and DD3) were constituted by Al, Si, Fe, Mn, Na, Ca, K and O, which were confirmed by the chemical analysis cited in Table II 
X-ray diffraction analysis (XRD):
XRD technique is widely used to identify whole rock mineralogy and clay mineralogy through the interaction of the X-ray beam with a sample. The method is based on identifying the pattern of basal peaks and their corresponding relative intensity values occurring in the X-ray diffraction pattern [25, 26] . The obtained results of XRD of the three kaolin samples in the 2θ range of 5° to 90° are shown in Table IV and Fig. 4 . The XRD pattern of DD1 essentially illustrated the characteristic peaks attributable to kaolinite and/or halloysite and quartz. By comparison, DD2 and DD3 XRD patterns were similar; these samples had the majority of reflection peaks attributable to kaolinite (d= 7.47 and 7.79 Å, respectively); vermiculite was indicated in the reference patterns. The peak at d=9.49 Å in DD3 sample indicated the presence of halloysite. Some small peaks indicated the presence of low proportions of hematite and manganese oxide. These results were in line with the chemical analysis mentioned in Table  III . The presence of manganese oxide had an effect on the quality of the two samples, resulting in the color of DD2 and DD3 as blackish and gray, respectively.
Thermal analysis (TG-DTA): during the heat treatment, kaolinite undergoes a number of thermal phenomena that are: the exothermic peak observed around 200 °C is due to the release of additional water absorbed. The endothermic peak observed around 600 °C is characteristic of dehydroxylation of kaolinite. This is the departure of the structural water and the formation of an amorphous material called metakaolin [27, 28] . The transformation associated with the exothermic peak observed around 1000 °C is still the subject of many studies. This is the exothermic transformation within the metakaolin to give the mullite (aluminum-rich phase) called primary mullite with the appearance of an intermediate phase of the spinel structure. Thermal analysis (DTA and TG) of the three kaolins are shown in Fig. 5 . Regarding the DTA curves, the observed endothermic peaks at about 540 °C corresponded to the dehydroxylation of kaolinite. No exothermic event indicating the formation of new crystalline phases occurred below 1000 °C [29] . The exothermic peak around 1020 °C for the three samples indicated the recrystallization of the metakaolin. These results were in line with that obtained by chemical and mineralogical analysis of each sample which consisted mainly of kaolinite and quartz. The well-ordered sample has its decomposition peak temperature at a quite high value (T d >571 °C); ordered sample has its decomposition peak temperature T d at the interval 561-570 °C. For a poorly ordered sample, the temperature decomposition varies from 546 to 560 °C and disordered sample decomposes at temperatures up to 545 °C [30] . According to the obtained results of DTA, the decomposition temperature of DD1, DD2 and DD3 was less than 545 °C that indicated the poor orderliness of the three samples. The TG curves showed that the weight losses of DD1, DD2 and DD3 samples were about 15%, 18.5% and 23%, respectively, which corresponded to the endothermic peaks at ~540 °C for each sample. These weight losses in the TG analysis were closes to the corresponding LOI listed in Table II .
Dielectric strength tests: dielectric characteristics of ceramic materials are of increasing importance due to their various applications in the field of solid-state electronics. The main applications of ceramic dielectrics are as capacitive elements in electronic circuits and electrical insulators. The obtained results of dielectric strength tests revealed that the formulation P1 consisting of 50% kaolin, 30% feldspar, and 20% quartz had the highest dielectric strength (~18.34 kV/mm) at the sintering temperature of 1250 °C; this confirmed the kaolin DD1 was the more suitable kaolin as raw material to produce an electric porcelain insulator. The formulations P2 and P3 had a lower dielectric strength (12.53 and 10.72 kV/mm, respectively); these values were caused by the presence of MnO and Fe 2 O 3 which can be removed by an enrichment process. The dielectric strength results of the three formulations are shown in Fig. 6a .
Bending strength (modulus of rupture) tests: the results showed that the P1 formulation had the highest bending strength value (~83.2 MPa) sintered at 1250 °C that can be due to the presence of quartz and to the low porosity index, while P1 and P2 had lower bending strength (~53.4 and ~45.8 MPa, respectively) which indicated the low presence of quartz. The measured values of bending strength are shown in Fig. 6b .
Bulk density tests: the bulk density results of the three formulations are represented in Fig. 6c . It was found that the bulk densities were highest at the sintering temperature of 1250 °C. The bulk densities were ~2.81, ~2.53 and ~2.44 g/cm 3 for P1, P2 and P3, respectively; these values were in line with the obtained values of dielectric and bending strengths for the same formulations. These results confirmed that when the bulk density is high the dielectric strength and the flexural strength become high. The curves of the three formulations can be divided into two parts. The first part from 1100 to 1250 °C, which indicated the increasing of bulk densities, was the mullitization stage; the second part from 1250 to 1350 °C, which indicated the decreasing of bulk densities of the samples, can be recrystallization of the first mullite. From the obtained results, it can be concluded that 1250 °C is the optimal temperature to reach the highest densification of porcelains P1, P2 and P3.
CONCLUSIONS
In this study, three types of kaolin were investigated for their utilizations in electrical porcelain insulators. The characterization results showed that all kaolin samples had almost similar chemical compositions. Kaolinite and halloysite were the major components with variable proportions of Fe 2 O 3 and MnO considered as impurities. The composition of porcelain formulations consisted in weight of 50% kaolin, 30% feldspar, and 20% quartz. From the results of electrical and mechanical properties of the three porcelains prepared with three different kaolins, it can be conducted to produce electrical insulators from the local raw materials (kaolin, feldspar and silica). The total absence of manganese and low iron content in DD1 kaolin in its raw form make the best raw material for making high-voltage electrical porcelain (P1). The DD2 and DD3 samples were suitable for the production of electrical porcelain (P2 and P3) with lower electrical and mechanical properties compared to P1; this can be due to the presence of MnO and Fe 2 O 3 impurities that can be treated by a special process to eliminate them. From the obtained results, it can also be concluded that the sintering temperature of 1250 °C during 2 h is the optimal temperature to reach the highest electrical and mechanical properties of porcelains P1, P2 and P3. Above this temperature, the porcelains can be deteriorated due to the increase of porosity.
